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Abstract The sensitivity for DNA adduct formation by
antitumor alkylating agents (mechlorethamine, cis-
platin and adozelesin) of the postlabeling technique
and thin-layer chromatography was studied. Three
DNAs were used: a double-stranded 20-bp oligo-
nucleotide of defined sequence, calf thymus DNA and
murine leukemia L1210 cellular DNA. With high con-
centrations of mechlorethamine, there was a marked
decrease in normal dGp, a lesser decrease in dAp and
dCp and no change in dTp. Using 2D mapping PEI-
cellulose thin-layer chromatography analyses, it was
found that six mechlorethamine: DNA adducts were
produced after a short exposure to mechlorethamine.
After an extended time at relatively high drug concen-
trations there was an alteration in the mech-
lorethamine: DNA adduct pattern that may reflect the
conversion of monoadducts to crosslinked adducts.
Similar observations were made with cisplatin and
adozelesin. When murine leukemia L1210 cells were
treated with 50 lM mechlorethamine or 50 lM cis-
platin for 1 h, six or more mechlorethamine: DNA
adducts and five cisplatin: DNA adducts were detected.
After allowing 6 h. for repair of potentially lethal dam-
age, several adducts were no longer detectable and
others appeared with diminished intensity. Nuclease
P
1

dephosphorylates normal nucleotides at relatively
low enzyme concentrations with variation depending
upon the nucleotide. In general, considerably lower
concentrations of nuclease P

1
were required to dephos-

phorylate the normal nucleotides than to dephos-
phorylate the antitumor alkylating agent: nucleotide
adducts, thus allowing increased sensitivity of the
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postlabeling assay. The sensitivity of detection of anti-
tumor alkylating agent: DNA adducts in DNA from
treated L1210 cells approached one adduct per 107—108
nucleotides. These results suggest that the postlabeling
technique may be sufficiently sensitive and specific for
the study of the clinically effective levels of antitumor
alkylating agents.
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Introduction

The antitumor alkylating agents, including platinum-
based anticancer drugs, are among the most effective
chemotherapeutic agents in clinical use [7]. Current
clinical investigations involving the antitumor alkylat-
ing agents emphasize: (1) the development of more
effective and selective analogs, especially new platinum-
containing agents; (2) dose intensification regimens, be-
cause the antitumor alkylating agents have steep
dose/tumor cell killing patterns and because the
myelosuppression produced by these agents is now clin-
ically manageable [13]; and (3) combinations with
modulators to improve the effectiveness of the antitumor
alkylating agents, the modulators including hypoxic
cell sensitizers, topoisomerase II inhibitors, oxygen de-
livery agents and antiangiogenic agents [2, 44]. The
multiple variables inherent in clinical trials relating to
understanding the effects in patients of new antitumor
alkylating agents, high dose and the addition of ad-
juvants to standard agents are major and prohibitive if
only classical phase II and III study endpoints such as
frequency, magnitude and duration of response, and
survival are available. An appropriate ‘surrogate’ end-
point reflecting alkylating agent efficacy would be highly
desirable and valuable to the clinical investigator.

The most widely accepted mechanism of antitumor
alkylating agent cytotoxicity is damage to genomic



DNA by formation of drug adducts, particularly
bifunctional adducts on the genomic DNA molecule
(inter- and/or intrastrand crosslinking of DNA) [7].
The qualitative and quantitative determination of alky-
lating agent: DNA adducts could provide a very useful
surrogate endpoint of clinical effect.

The postlabeling technique was developed to detect
chemical carcinogen-induced bulky DNA adducts [2,
37, 39]. Briefly, the technique involves the digestion of
DNA into normal and carcinogen-bound dNps (dXps)
by micrococcal endonuclease and spleen phophodies-
terase enzymes. The enzymatically digested DNA
(dNps#dXps) is then treated with nuclease P

1
which

selectively dephosphorylates the dNps. The carcinogen
bound dNps (dXps) are then radioactively labeled with
[c-32P]-ATP using T

4
kinase. The radiolabeled dXps

are chromatographically separated, identified and
quantitated. This technique can detect one carcino-
gen—DNA adduct in 107—1010 nucleotides. It has been
employed successfully for the study of DNA damage by
chemical carcinogens [2, 37, 39], free radicals and radi-
ation [38], anticancer drugs [23, 33], indigenous DNA
modification [27] and smoking-induced adducts in the
placenta [10]. Other techniques for the study of DNA
damage include alkaline elution [20, 25], im-
munochemistry [31, 45, 46], transfected human shuttle
vector containing alkylated sequences [15], PCR anal-
ysis of stop sites corresponding to crosslinking [5, 6,
43] and transcriptional analysis of alkylation [14].

In addition to a clinical surrogate endpoint, DNA
postlabeling applied to antitumor alkylating agents
could be a useful laboratory tool for the study of the
cellular pharmacology of alkylating agents, including
DNA repair, and the frequency, distribution and nature
of drug: DNA adducts. Altered DNA repair is pre-
sumed to be one of the most common and important
mechanisms of tumor resistance to the antitumor al-
kylating agents. The current study was designed to
evaluate the effectiveness of the postlabeling technique
for determining the drug: DNA adducts produced by
three antitumor agents that represent different classes
of antitumor alkylating agents: mechlorethamine
(HN

2
) [4, 19, 24, 30, 35, 47], cisplatin [8, 9, 11, 26, 28]

and adozelesin [3, 22, 49, 50].

Materials and methods

Reagents

Two 20-bp oligonucleotides of specific sequence (strand A TACAG-
TAATCTGATATAAAT; strand B ATGTCATTAGACTATATT-
TA) were synthesized in the Dana-Farber Cancer Institute core
facility. These oligonucleotide sequences were developed to provide
several sites for efficient inter- and intrastrand crosslinking by the
study drugs. Calf thymus DNA, cis-diamminedichloroplatinum(II)
(cisplatin), HN

2
, 2@-deoxyadenosine 3@-monophosphate (dAp), 2@-

deoxycytidine 3@-monophosphate (dCp), 2@-deoxythymidine 3@-
monophosphate (dTp), 2@-deoxyguanosine 3@-monophosphate (dGp)

were purchased from Sigma Chemical Co. (St. Louis, Mo).
Adozelesin was generously provided as a gift by the Upjohn Co.
(Kalamazoo, Mich.). [c-32P]-ATP (10 mCi/ml) was purchased from
DuPont New England Nuclear (Boston, Mass). Poly-
ethyleneimine—cellulose (PEl-cellulose) thin-layer chromatography
sheets were prepared in our laboratory according to the method of
Randerath et al. [19, 37, 38] or purchased from Brinkmann Instru-
ments (Westbury, N.Y.). DuPont Cronex X-ray films and Lightning
Plus intensifying screens were purchased from DuPont (Atlanta,
Ga).

Enzymes

Micrococcal endonuclease (MN) from Staphylococcus aureus, nu-
clease P

1
from Penicillium citrinum, potato apyrase, RNase A and

RNase T
1

were purchased from Sigma. Spleen phosphodiesterase
(SPD) and proteinase K were purchased from Boehringer Man-
nheim (Indianapolis, Ind.). T

4
polynucleotide kinase (PNK) and

PNK buffer were purchased from U.S. Biochemical Corporation
(Cleveland, Ohio).

In vitro studies

Equal amounts of the two 20 bp oligonucleotide strands (0.2 lg/ll)
were annealed for 5 min at 65°C and then slowly cooled to room
temperature. The double-stranded DNA oligonucleotide (2 lg) was
reacted with concentrations of HN

2
ranging from 0.4 lM to

400 mM in 50 mM sodium phosphate buffer (pH 7.4) for various
times (0, 1, 2, 4, 8, 12, 24 or 48 h.) at 37°C. The nucleic acid was
isolated from the reaction mixture by precipitation with ice-cold
5.0 M NaCl (1 vol) and absolute ethanol (4 vols). The alkylation
products of the oligonucleotide drug reaction were determined by
5@-end labeling using [c-32P]-ATP and T

4
PNK followed by elec-

trophoresis on 12% polyacrylamide gel under denaturing condi-
tions.

Calf thymus DNA (10 lg) was reacted with 4 mM HN
2
, 40 lM

cisplatin or 50 lM adozelesin in phosphate buffer (pH 7.4) for 10 h
at 37°C. The nucleic acid was isolated by precipitation using ice-cold
5.0 M NaCl (1 vol) and absolute ethanol (4 vols), followed by
centrifugation. The DNA pellet was washed by resuspension in
ice-cold 80% ethanol and stored at !20°C.

L1210 cell studies

Murine leukemia L1210 cells were grown in suspension in RPMI
medium containing 10% horse serum and antibiotics. For
experiments 107 cells were exposed to 50 lM HN

2
or 50 lM

cisplatin for 1 h at 37°C in serum-free medium. After drug ex-
posure the cells were quick-frozen or were returned to depleted
medium containing serum and maintained at 37°C to allow
potentially lethal damage repair for 6 h. [1, 21, 48], then quick
frozen.

Cellular DNA was isolated using a conventional phenol/chloro-
form extraction method [42]. Briefly, L1210 cells (107) suspended in
2 ml 5% sodium dodecyl sulfate solution containing 5 mM EDTA,
1 M Tris-HCl (pH 8.0), 360 lg RNase A and 100 U RNase T

1
were

incubated for 45 min at 37°C. Protein was removed by extraction of
the cell lysate with saturated phenol and chloroformamylalcohol
(24: 1 v/v). The cellular DNA was then isolated by precipitation
using 5 M NaCl and ice-cold absolute ethanol as described above.
The quality and quantity of the cellular DNA was determined by the
ultraviolet absorption ratio (260/280 nm). The purified DNA was
stored at !20°C.
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Postlabeling technique

The postlabeling technique was similar to that described previously
[2, 16, 37, 39].

The 20-bp oligonucleotide HN
2

and cisplatin reaction products
(2 lg) were enzymatically digested by addition to a solution contain-
ing final concentrations of 30 mM sodium succinate, 10 mM CaCl

2
,

0.01 U/ll MN and 0.5 lg/ll SPD (pH 6.0) for 2.5 h at 37°C. For the
enzymatic digestion, the calf thymus DNA (10 lg) HN

2,
cisplatin or

adozelesin reaction products and L1210 cellular DNA (10 lg) prod-
ucts were suspended in a solution containing 0.5 U/ll MN and
0.5 lg/ll SPD and incubated at 37°C for 4 h.

The enzymatic digestion products were diluted to 1 dNpng/ll
(1.94 pM dNp/ll). A 6-ll aliquot of each sample was reacted with
0.5 ll [c-32P]-ATP (10 mCi/ml) in 2.0 ll PNK buffer (200 mM
Bicine, 100 mM DL-dithiothreitol, 10 mM spermidine, 100 mM
MgCl

2
, pH 9.6) (0.1 ll/ll sample), 0.5 U/ll T4 PNK in a volume

of 10 ll at 37°C for 40 min, then further incubated with 2 ll
apyrase (40 mU/ll) for 30 min at 37°C to remove unreacted [c-32P]-
ATP. Radioactively labeled samples were stored at !80°C for
subsequent analysis.

Nuclease P
1

treatment

Nuclease P
1

efficiently converts normal 2@-deoxyribonucleoside 3@-
monophosphates to deoxyribonucleosides but reacts less efficiently
at sites of bulky adducts such as chemical carcinogen-bound nucleo-
tides [37, 38]. A concentration of nuclease P

1
was selected that

would dephosphorylate approximately 50—90% of normal dNps
since antitumor alkylating agent adducts especially monoadducts
have been shown to be labile in high concentrations of nuclease
P
1

('0.1 lg/ll) (unpublished observations). Thus, a nuclease P
1

concentration of 7.5 ng/ll was found to be optimal for treatment of
the 20 bp oligonucleotide product mixture and a nuclease P

1
con-

centration of 50 ng/ll was optimal for dephosphorylation of the calf
thymus and L1210 cellular DNA reaction products (10 lg DNA).
The nuclease P

1
reaction contained of 1 mM ZnCl

2
, 1 M sodium

acetate, pH 5.0, and the reaction was carried on for 40 min at 37°C.
The reaction was stopped by the addition of 3 ll 500 mM 2-N-
cyclohexylaminoethanesulfonic acid (CHES), pH 9.8. [c-32P]-ATP
labeling was performed as described above.

Thin-layer chromatography and autoradiography

PEI-cellulose thin-layer chromatography sheets were washed with
distilled water and air-dried [16]. 32P-labeled samples
(*pdNp#*pdXp) were diluted with 20 mM CHES (pH 9.8) at a di-
lution of 1 :30. The diluted samples (5 ll) were applied to the PEI-
cellulose thin-layer chromatography sheets 2.0 cm from the lower
edge and 2.0 cm from lefthand edge. Elution was carried out in either
1.5 M ammonium formate, pH 3.4, or 0.28 M (NH

4
)
2
SO

4
, 50 mM

NaH
2
PO

4
, pH 6.8. The analyses of two-dimensional(2D)mapping

were performed by eluting samples for 14 cm in 1.5 M ammonium
formate, pH 3.4, rinsing the thin-layer sheet in water for 5 min and
allowing the sheet to air-dry, then rotating the chromatogram by 90°
and eluting in 0.28 M (NH

4
)
2
SO

4
, 50 mM NaH

2
PO

4
, pH 6.8, for

15 cm, followed by air-drying. The thin-layer chromatography
sheets were visualized by exposure to DuPont Cronex X-ray film
with an intensifying screen for 1—3 h at room temperature. For
quantitation, radiolabeled spots on the 2D-mapping PEI-cellulose
thin-layer chromatography sheets were located by autoradiography,
cut out and the Cherenkov radiation (Beckman LS 500) determined.
The relative adduct labeling (RAL) was calculated [39] as:

RAL"

Alkylated adducts (cpm)

Total nucleotides (cpm)

If P
1

nuclease was used, the specific activity of [c-32P]-ATP
was determined by labeling 1 pmol dAp and the calculation adjusted
as:

RAL@"
Alkylated adducts (cpm)

*pdAp(cpm/pmol)]DNA(lg)]3240 pmol/lg

based on the assumptions that the tested adduct was absolutely
resistant to P

1
nuclease and that 1 lg DNA is equal to 3240 pmol

dNp.

Results

The structures of the antitumor alkylating agents and
the sequences of the 20-bp oligonucleotides are shown
in Fig. 1.

Mechlorethamine adducts in vitro

The double stranded 20-bp oligonucleotide was
exposed to 1 M HN2 in phosphate buffer (pH 7.4)
for 1 h at 37°C. Postlabeling was performed on the
reaction product mixture. The samples were analyzed
using 2D-mapping PEI-cellulose thin layer chromatog-
raphy as described in Materials and methods. The
reaction with HN2 produced six adduct spots in
addition to the four normal dNps (Fig. 2). Exposure
to this high concentration of HN2 reduced the dGp,
dCp and dAp cpm values to 8%, 10% and 72%, res-
pectively, of the control values. The RAL of total
alkylation products was 29% over total nucleotides,
consistent with other published results [4, 12, 17, 19,
24, 30, 47].

Fig. 1 Structures of the three antitumor alkylating agents and
sequences of 20-bp oligonucleotides
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Fig. 2A,B 2D chromatograms of equal amounts of the double-
stranded 20-bp oligonucleotide without treatment (A) or after expo-
sure to 1 M HN

2
in phosphate buffer at pH 7.4 for 1 h. at 37°C (B).

Samples were analyzed by 2D-mapping PEI-cellulose thin layer
chromatography. The individual normal dNps and adduct spots
were determined by Cherenkov radiation (¹, C, A, G normal
*pdNps. Pi orthophosphate). The six labeled spots in B represent
HN

2
: DNA adducts

Effect of duration of exposure to mechlorethamine
on DNA adducts in vitro

The double-stranded 20-bp oligonucleotide was ex-
posed to 4 mM HN2 for various time periods (Fig. 3).
32P-labeled samples from each reaction were eluted on
PEI-cellulose thin-layer chromatography sheets and
developed by 1D and 2D mapping. Up to seven HN2:
DNA adducts were detectable by 48 h. The products
were numbered 1 to 7 in accordance with their posi-
tions from the bottom to the top on the 2D-mapping

Fig. 3 1D and 2D chromatograms of the double-stranded 20-bp
oligonucleotide exposed to 4 mM HN

2
for 1, 2, 4, 8, 12, 24 or 48 h.

The postlabeling reaction and analysis were performed in the pres-
ence of nuclease P

1
(7.5 ng/ll). ºpper panel: ¹, C, A and G on the left

side indicate the positions of four normal dNps. Arrows on the right
side represent HN

2
: DNA adducts. Unlabeled spots are due to the

impurity of the labeling materials. ¸ower panel: G, A, C and ¹ are
the four normal dNps. The numbers 1 to 7 represent HN

2
: DNA

adducts

chromatogram. Products d5 and d6 were of low
intensity and appeared only after 48 h. of incubation
with HN2. The quantitative analyses of these
chromatograms is shown in Fig. 4. For this analysis
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Fig. 4 Kinetics of HN
2
: DNA adduct formation and normal dNp

disappearance for the reaction of the double-stranded 20-bp
oligonucleotide with 4 mM HN

2
. The appearance of HN

2
: DNA

adducts is presented as the percentage of control (*pdTp at 0 h). For
the insert, the dNps from nontreated double-stranded 20-bp
oligonucleotide were used as controls set at 100%

*pdTp (cpm) at 0 h was used as a control because dTp
was assumed not to react with HN

2
. The earliest ad-

duct (spot d7) peaked at 3% of control at 8 h and
remained essentially the same thereafter. The other
early adduct (spot d4) progressively increased reach-
ing peak values of 8.6% and 13.0% after 24 and 48 h.
incubation. Another adduct (spot d3) was visible after
8 h of incubation reaching a peak of 3% after 48 h. The
adduct (spot d1#2) was visible after 12 h. and in-
creased to 2.7% of control after 48 h of incubation. The
adducts (spots d5 and d6) were visible only after 48 h.
of incubation.

Effect of concentration of mechlorethamine on
DNA adducts

The double-stranded 20-bp oligonucleotide was ex-
posed to concentrations of HN

2
from 0.4 lM to 40 mM

for 10 h at 37°C. 32P-labeled samples were separated by
1D PEI-cellulose thin-layer chromatography as shown
in Fig. 5. The intensity (frequency) of the HN

2
: DNA

adducts, compared to the four normal dNps, appeared
to increase with increasing concentration of HN

2.
The

HN
2
: DNA adduct labeled d7 was most intense at the

HN
2

concentrations of 4 lM, 40 lM and 400 lM (Fig.
5), while the adduct HN

2
: DNA labeled d3&4 slowly

increased with drug concentrations of 400 lM and
4 mM then decreased at 40 mM. The HN

2
: DNA ad-

duct labeled d1&2 was visible only at relatively high
HN

2
concentrations. At higher concentrations (4 mM

or greater) a decrease occurred in the HN
2
: DNA

adduct labeled d7 while an increase occurred in the
intensity in the HN

2
: DNA adduct spots d3&4 and

d1&2 in a reciprocal fashion, suggesting that the

Fig. 5 1D thin-layer chromatogram of the double-stranded 20-bp
oligonucleotide after exposure to various concentrations of HN

2
for

10 h. Postlabeling was performed in the presence of nuclease
P
1

(7.5 ng/ll). ¹, C, A and G indicate the positions of four normal
dNps. The labeled arrows represent the HN

2
: DNA adducts de-

scribed in Figs. 3 and 4

adduct d7 could be HN
2
: DNA monoadduct while the

HN
2
: DNA adducts labeled d3&4 and d1&2 may

represent crosslinking of the DNA.

Comparison of DNA adduct formation by three
antitumor alkylating agents in vitro

Calf thymus DNA (10 lg) was exposed to 4 mM HN
2
,

40 lM cisplatin or 50 lM adozelesin in the phosphate
buffer (pH 7.4) for 10 h at 37°C followed by postlabel-
ing in the presence of nuclease P

1
and 2D-mapping on

PEI-cellulose thin-layer chromatography. For these
antitumor alkylating agent exposures in the absence of
nuclease P

1
treatment, no drug: DNA adducts were

detectable; however, the alkylating agent exposure
changed the ratio of four normal dNps of calf thymus
DNA (Fig. 6). Exposure to HN

2
reduced dGp, dAp

and dCp cpm to 11%, 38% and 45% of untreated
controls, as was found with the 20-bp oligonucleotide.
Exposure to cisplatin decreased dGp by 41% and dAp
by 18% compared to the untreated controls.
Adozelesin preferentially reacted with dAp reducing its
level to 18% of the untreated controls. However,
adozelesin treatment also decreased dCp to approxim-
ately 20% of the control.

In the presence of nuclease P
1

at 50 ng/ll, the calf
thymus control DNA demonstrated normal dNps in
the positions similar to those found for the 20-bp
oligonucleotide and calf thymus DNA in the absence of
nuclease P

1
(compare Figs. 2A, 3B and 6A). At this low

concentration of nuclease P
1
, some differential 3’-de-

phosphorylation of dNps took place. Thus, 3’-dephos-
phorylation of dCp approached 99%, dAp 85% and
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Fig. 6A–D 2D thin-layer chromatogram of calf thymus DNA un-
treated or after exposure to 4 mM HN

2
, 40 lM cisplatin or 50 lM

adozelesin for 10 h. Postlabeling was performed in the absence of
P
1

nuclease. A Autoradiogram of control calf thymus DNA;
B autoradiogram of DNA exposed to 4 mM HN

2
; C autoradio-

gram of DNA exposed to 40 lM cisplatin; D autoradiogram of
DNA exposed to 50 lM adozelesin

dGp 60% (compare Figs. 6A and 7A). Three additional
spots labeled ‘I’ (impurity) possibly from labeling ma-
terials or some trace RNA in the commercial calf
thymus DNA were also visible [9].

A 2D chromatogram showing HN
2
: DNA adducts

produced in calf thymus DNA treated with HN
2

(4 mM, 10 h) is presented in Fig. 7B. All HN
2
: DNA

adducts seen with the 20-bp oligonucleotide were ob-
served except adduct (spot d6) (compare Figs 3B and
7B). Four additional adducts (spots d8—d11) were
visible. The intensity (frequency) of each adduct was
calculated according to the method of Randerath [4]
(Table 1). The RAL@ was approximately 1—10 HN

2
:

DNA alkylated adducts per 106 nucleotides. Reaction
of calf thymus DNA with cisplatin (40 lM) produced
seven drug: DNA adducts that were clearly distinct
from those seen with HN

2
(Fig. 7C). The RAL@ of the

cisplatin: DNA adducts were relatively low, perhaps
because a lower concentration of cisplatin (40 lM) was
used than HN

2
(4 mM) (Table 1). Reaction of calf

thymus DNA with adozelesin produced six adducts
(Fig. 7D). Adozelesin did not react with single dAp or
with the single stranded 20-bp oligonucleotide, but did
react with double stranded 20-bp oligonucleotide
(data not shown), suggesting that this drug requires

Fig. 7A–D 2D thin-layer chromatogram of calf thymus DNA un-
treated or after exposure to 4 mM HN

2
, 40 lM cisplatin or 50 lM

adozelesin for 10 h. Postlabeling was performed in the presence of
nuclease P

1
(50 ng/ll). A Autoradiogram of untreated control calf

thymus DNA (I represents an impurity from radiolabeling materials
or calf thymus DNA); B autoradiogram of DNA treated with 4 mM
HN

2
. C autoradiogram of DNA treated with 40 lM cisplatin;

D autoradiogram of DNA treated with 50 lM adozelesin

Table 1 The number and relative intensity of drug:DNA adducts
produced in vitro by reaction of each of three antitumor alkylating
agents with calf thymus DNA. Calf thymus DNA (10 lg) was treated
with mechlorethamine 4 mM, cisplatin 40 lM and adozelesin
40 lg/ll for 10 h at 37°C. Postlabeling and thin-layer chromato-
graphy were performed in the presence of nuclease P

1
(50 ng/ll).

Relative adduct labeling (RA¸) was calculated as follows:

RAL@"
d*p]p (cpm)

d*pAp (cpm)]3.24]105

The specific activity of [32P]-ATP was determined by labeling
1 pmol of dAp. The data are presented as the number of adducts per
106 nucleotides (ND"not determined)

Mechlorethamine Cisplatin Adozelesin

Adduct RAL@ Adduct RAL@ Adduct RAL@

M1 1.01 C1 1.79 A1 1.13
M2 2.95 C2 2.26 A2 1.91
M3 2.89 C3 1.64 A3 1.75
M4 4.38 C4 2.00 A4 2.30
M5 1.68 C5 1.45 A5 3.59
M6 ND C6 2.51 A6 1.93
M7 10.38 C7 2.60
M8 1.24
M9 2.00
M10 1.80
M11 6.88
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Table 2 Comparison of the DNA binding characteristics observed,
decreases in normal nucleotides and intensity (frequency) of drug:
DNA adduct formation by three antitumor alkylating agents reac-
ted with calf thymus DNA in vitro. Postlabeling was performed in
the presence of P

1
nuclease (50 ng/ll) for 10 lg DNA and 1 pmol of

3@-dAp was used for the determination of specific activity of [32P]-
ATP (NC no change)

Mechlorethamine Cisplatin Adozelesin

Reaction site! G(N7)'A(N7) G(N7)'A(N7) A(N3)
Groove! Major Major Minor
Crosslinking! Inter'intra Intra'inter Monoligand
Adduct spots" 7—11 4—7 3—6
dGp (%)# 11.5% 58.6% NC
dAp (%) 62.1% 82.2% 82.2%
dCp (%) 55.3% NC 80.5%
RAL@$ 35.2 14.3 12.6

!DNA reaction site, DNA groove binding preference and DNA
crosslinking tendencies have been described previously [3, 5—7,
9, 50]
"The number of adduct spots depends upon the structure of the
DNA and the alkylating agent exposure, i.e. concentration, temper-
ature and duration
#% dNps is based on postlabeling from calf thymus DNA treated
with antitumor alkylating agent expressed as a percentage of con-
trol. S.D. " 10% of triplicates of cpm in two experiments

$RAL@"
total d*p]p (cpm)

d*pAp (cpm)]3.24]105

appropriate secondary structure for DNA binding [22,
49, 50]. The adozelesin: DNA adducts were more stable
at high concentrations of nuclease P

1
than were the

HN
2
: DNA adducts and cisplatin: DNA adducts.

Table 2 summarizes some DNA binding characteristics
of the three antitumor alkylating agents.

Antitumor alkylating agent: DNA adducts detected
in murine leukemia L1210 cells

The murine leukemia L1210 cell line is a common
model in cancer therapeutic research. This cell line is in
general, sensitive to antitumor alkylating agents. L1210
cells in suspension culture were treated with 50 lM
HN

2
or cisplatin for 1 h. at 37°C and DNA was isolated

immediately or following a 6-h period to allow repair of
potentially lethal damage from the drugs. A 1D post
labeling chromatogram of L1210 cellular DNA after
antitumor alkylating agent treatment is shown in
Fig. 8. Five HN

2
: DNA adducts were visible compared

with the control and the RAL was 3—200 adducts per
1010 nucleotides. The level of overall adduct formation
after the 6-h holding period was two- to five-fold less
than immediately after drug treatment, suggesting
a substantial degree of repair. There were six cisplatin:
DNA adducts immediately after drug treatment, but
only two after the 6 h holding period, again indicating
a significant capacity of these cells to repair cisplatin

Fig. 8 1D thin-layer chromatogram of murine leukemia L1210 cel-
lular DNA untreated or after exposure of the cells to 50 lM HN2 or
50 lM cisplatin for 1 h. followed by immediate DNA isolation or
a 6-h. delay period prior to DNA isolation. Postlabeling was per-
formed using 10 lg DNA in the presence of nuclease P

1
(50 ng/ll).

The arrows on the right side of the chromatograms represent the
alkylated adducts

Table 3 DNA adducts in cultured mouse leukemia L1210 cells
produced by cisplatin. Cultured mouse leukemia L1210 cells were
treated with 50 lM cisplatin for 1 h. at 37°C. Adducts were deter-
mined by postlabeling in the presence of P

1
nuclease (60 ng/ll) and

analyzed by 2D PEI-cellulose thin-layer chromatography

Adduct Adduct cpm Adducts/DNA nucleotide!
(]10~3) (]109)

a 251$24 156$15
b 5$2 3$1
c 7$1 4$1
d 2$0 1$0
e 235$21 146$13
f 254$18 157$11

!The counts per minute obtained when 1 pmol dAp was labeled was
3.98]109 (cpm/pmol); since 0.125 lg of DNA was analyzed, the
adducts/DNA nucleotide values were calculated by dividing the
adduct counts per minute by 1.61]1012

damage to DNA. In addition, as shown in the 2D
chromatograms in Fig. 9, six cisplatin: DNA adduct
spots (a—f ) were observed in treated L1210 cells com-
pared with control cells when the cellular DNA was
isolated immediately after drug exposure. The abund-
ance of these adducts ranged from 2 to 250 adducts per
108 nucleotides (Table 3). There were also two spots in
addition to Pi in the control cells (Fig. 9A). One was
residual pdTp due to the limited action of nuclease P

1
on this nucleotide at 60 ng/ll (data not shown). The
other spot may be an ‘endogenous’ DNA adduct from
leukemia cells, or it may represent impurities from the
labeling materials.
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Fig. 9A,B Pt-DNA adducts detected in mouse leukemia L1210
cells. L1210 cells were treated with 50 lM cisplatin for 1 h. at 37°C
and DNA was isolated. Postlabeling was then performed in the
presence of 60 ng/ll P

1
nuclease and the products were analyzed by

2D mapping. The individual adduct spots were quantitated by
Cherenkov counting. A Control; B cells treated with 50 lM cisplatin
(Pi orthophosphate)

Discussion

A number of techniques have been employed to study
DNA damage and repair, crosslinking, mutagenesis
and carcinogenesis [2, 5, 6, 10, 14, 15, 25, 27, 31, 32, 33,
36—41, 43, 45, 46]. After careful review of these tech-
niques it appeared that the postlabeling technique,
because of its sensitivity and specificity, might be
adaptable for use as a clinical ‘surrogate’ endpoint. The
ultimate objectives of our research are: (1) to employ
the number of adducts as a surrogate endpoint for
DNA damage in the context of clinical trials and (2) to
study the mechanisms of sensitivity and resistance to
clinically important antitumor alkylating agents at

a DNA level. The purpose of our current study was to
adapt the postlabeling technique to the determination
of drug: DNA adducts produced by DNA-binding anti-
tumor agents in model systems.

The number of drug: DNA adducts produced by
HN

2
was drug concentration- and time-dependent. At

low drug concentrations and for short periods of time,
it is likely, and our data suggest, that mono-HN

2
-dNp

adducts were formed in DNA in the in vitro reaction
model. After exposure to higher HN

2
concentrations

and/or longer exposure times more bifunctional HN
2
-

dNp adducts, that is intra- or interstrand crosslinking
products, are formed. All of these drug: DNA adducts
are subject to DNA repair mechanisms in cells [7]. Our
observations in L1210 cells are consistent with DNA
repair. Based largely on these time and concentration
sequences in drug: DNA in vitro reaction models, we
postulate that HN

2
: DNA adducts corresponding to

d1—d4, and d8 could be bifunctional crosslinking
and that adducts d7, d9—d11 may be monofunc-
tional adducts (Figs. 3B and 7B). For the reaction of
cisplatin with DNA, the drug: DNA adducts d1—d4
may be crosslinking and the adducts d5—d7 mono-
functional adducts (Fig. 7C). Adozelesin is a DNA
site-directed alkylating agent which covalently binds to
dAp [3, 22, 49, 50]. We posit that adozelesin: DNA
adducts d1—d3 may be adducts of adozelesin with
DNA while adducts d4—d5 may be the byproducts of
hydrolyzed adducts [Fig. 7D). It is possible that the
drug: DNA adducts corresponding to spots d1 to d4
for HN

2,
shown under the conditions of longer expo-

sure and higher concentrations, were from decomposed
products of drug: DNA adducts because of high insta-
bility of alkylated adducts particularly the N-7 al-
kylated dGp [34, 41, 51]. The secondary structure of
DNA plays an important role in the formation of
drug adducts. For example, our postlabeling studies
showed that HN

2
and cisplatin reacted with single

dNps but adozelesin did not. Adozelesin also did not
react with the single stranded 20-bp oligonucleotide
but required double stranded DNA for the adduct
formation. HN

2
produced greater adduct formation

with double-stranded 20-bp oligonucleotide than with
the single-stranded 20-bp oligonucleotide, consistent
with this drug’s well-known capacity for interstrand
crosslinking.

Alkylating agents, including cisplatin, are clinically
the most effective class of antitumor agents [7]. We
have initiated studies with antitumor alkylating agents
in mouse leukemia L1210 cells because these cells are
sensitive to antitumor alkylating agents, easy to grow
both in culture and in animals, and have served as
a major preclinical model in cancer therapeutic re-
search. At a concentration of HN

2
or cisplatin suffi-

cient to kill 99—99.9% of the cells, the drug: DNA
adducts were readily detected by the postlabeling tech-
nique followed by PEI-cellulose thin-layer chromato-
graphy. The sensitivity of detection was as little as one
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drug adduct per 109—1010 nucleotides. Drug: DNA
adduct detection, especially for cisplatin, was signifi-
cantly decreased if the cells were maintained in depleted
medium for 6 h prior to DNA isolation compared with
immediate DNA isolation after the 1-h drug exposure,
suggesting substantial DNA repair occurred during the
delay period [1, 21, 48]. Consistent with this, the surviv-
ing fraction for L1210 cells exposed to cisplatin (50lM)
for 1 h with immediate subculture was 0.0018 and after
the 6-h delay period to allow potentially lethal damage
repair the surviving fraction increased to 0.006. Sim-
ilarly, L1210 cells exposed for 1 h to HN

2
(50 lM) with

immediate subculture had a surviving fraction of 0.0005.
When the cells were maintained in depleted medium for
6 h after HN

2
exposure to allow potentially lethal dam-

age repair to occur, the surviving fraction increased to
0.007 [1, 21, 48]. Our data also suggested that the repair
of the DNA intrastrand crosslinking produced by cis-
platin might be faster than the repair of the DNA inter-
strand crosslinking produced by HN

2
(Fig. 8).

Randerath and his colleagues were the first to estab-
lish the postlabeling technique followed by PEI-cellu-
lose thin-layer chromatographic analysis to assess
DNA damage [37]. These investigators were able to
further increase the sensitivity of the postlabeling tech-
nique to about one adduct in 109—1010 nucleotides by
the addition of nuclease P

1
treatment to the assay [39].

While nuclease P
1

at concentrations '0.5 lg/ll was
appropriate for digestion of normal dNp in reaction
mixtures containing ‘bulky’ chemical carcinogen: DNA
adducts, the current study demonstrated, as suggested
by others, that the HN

2
: DNA adducts were labile to

such high concentrations of nuclease P
1

[18, 29, 33]. In
these antitumor alkylating agent experiments the
optimal concentrations of nuclease P

1
were 7 ng/ll for

assays containing 2 lg double-stranded 20-bp oligo-
nucleotide and 50 ng/ll for assays containing 10 lg calf
thymus or cellular DNA. These nuclease P

1
concentra-

tions produced minimal loss of drug: DNA adducts while
allowing 50—90% dephosphorylation of the normal dNps.
There was selectivity for the normal dNps by nuclease
P
1

under these conditions, but 3@-dephosphorylation of
dCp and dAp occurred to a greater extent than 3@-dephos-
phorylation dGp and dTp (Figs. 6A and 7A).

To maximize the sensitivity and specificity of the
postlabeling technique for clinically important anti-
tumor alkylating agents our current studies emphasize
the following aims: (1) the identification of the major
adducts; (2) the definition of more precise utility of the
nuclease P

1
treatment in the differential dephos-

phorylation of selected adducts from normal nucleo-
tides; (3) the development of standards that would
make it possible with image-enhancement techniques
to increase the sensitivity of the assay; and (4) the
determination of the type and number of adducts.
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